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Abstract 
The atmospheric state and synoptic situation associated with widespread summer (June, 
July, August; JJA) temperature extremes in southern Alaska is explored. Using ERA-
Interim data and a self-organizing map framework, the evolution of the atmospheric state 
leading up to days that are defined as experiencing extreme surface temperature are 
compared with the evolution for non-extreme days. The variables evaluated include 
circulation at the surface and aloft and surface radiative fluxes. For warm extremes, 
blocking evident in the 500 hPa flow combined with anomalously large surface 
downward shortwave radiation allowed surface temperatures to become extreme. For 
cold extremes, an upper level trough and cold air advection aloft coupled with a more 
minor role of anomalously negative surface downward shortwave radiation were 
important. The self-organizing map framework allowed an investigation of these details 
beyond a composite analysis of all extremes. 
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1. Introduction
Extremes in temperature can have detrimental impacts on society. During a heat
wave in the central United States in summer of 1995 over 800 people died nationwide, 
over 500 in Chicago alone (Changnon et al., 1996). During summer 2003, a heat wave in 
Europe was responsible for over 70,000 deaths (Robine et al., 2008). In addition, during 
this heat wave, the combination of high temperatures and below normal precipitation 
(Fink et al., 2004) led to negative economic impacts, particularly on crop production and 
infrastructure (Parry et al., 2007). Extreme high temperatures in Alaska in summer 2004 
contributed to the worst wildfire season on record (Wendler et al., 2011). 
While quite a few studies have focused on the relationship between circulation 
and temperature extremes (e.g. Shabbar and Bonsal, 2004, Shulski et al., 2010, Cassano 
et al., 2016, Lebedeva et al. 2016, Grotjahn et al., 2016 and references therein), there is a 
comparative dearth of these types of studies focusing on these relationships for Alaska 
summertime temperature extremes. Horton et al. (2015) found increasing trends in 
anticyclonic circulation related to summer and autumn hot extremes over portions of 
Eurasia and North America. Pfahl and Wernli (2012) used data from the European Centre 
for Medium-Range Weather Forecasts’ (ECMWF) interim reanalysis (ERAI) to evaluate 
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the relationship between atmospheric blocking and temperature extremes. They found 
during summer for southern Alaska that between 10-20%, and in some small areas 
between 20-30%, of the six-hourly warm temperature extremes were co-located with 
intense blocking. If weak blocks are taken into account, 50-70% of 6 hourly warm 
extreme temperatures in this area are co-located with blocking. Matthes et al. (2015) used 
ERAI data to evaluate warm and cold spells and found a decrease in cold spells in both 
winter and summer over 1979-2013, though changes in warm spells were smaller and not 
significant. In summer over parts of Alaska they found a small though insignificant 
increase in cold spells, while the signal of changes in warm extremes was small.  
A particularly warm summer occurred in Alaska in 2004 in which mean 
temperatures for the three summer months were up to ~3°C above normal in some 
locations. Several locations experienced their warmest summer on record including 
Fairbanks, Anchorage, and Nome (http://oldclimate.gi.alaska.edu/News/summer04.html). 
These temperatures were due to an anomalously persistent blocking event evaluated by 
Athar and Lupo (2010). Additionally there were anomalously dry conditions, particularly 
in the eastern interior and southern Alaska 
(http://oldclimate.gi.alaska.edu/News/summer04.html). Dry soil conditions can 
exacerbate warm temperature extreme events (Senevirante et al., 2010 and references 
therein). A higher fraction of the surface turbulent heat fluxes is sensible rather than 
latent heat for drier soils leading to further increases in surface temperature (Durre et al., 
2000, Fischer et al., 2007). Dry soil conditions, along with high temperature and low 
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precipitation, also exacerbate fire conditions and were a component of two recent large 
fire seasons in Alaska (Jones et al., 2009, Wendler et al., 2011)  
The focus of this paper is on the large (synoptic)-scale atmospheric features and 
associated atmospheric drivers that lead to the occurrence of widespread temperature 
extremes in southern Alaska during summer (defined as June, July, and August; JJA). A 
day is considered extreme if the warmest or coldest 1% of temperatures occur in at least 
25 50-km grid cells (further details in section 2b). Temperature extremes will be 
evaluated in the framework of the large-scale circulation due to the fact that this is an 
area that global and regional climate models and reanalysis products show considerable 
skill (Flato et al., 2013). This technique has been used in many other studies (e.g. 
Cassano et al., 2006, Kyselý, 2008, Loikith and Broccoli, 2012). In the current study self-
organizing maps (SOMs) are used to classify large-scale surface circulation (further 
details in section 2c). The extreme temperature days are evaluated for the different 
synoptic circulation patterns identified by this method. This framework has an additional 
benefit of identifying characteristic forcing mechanisms that may be smoothed out in a 
composite analysis of all extremes.  
The paper is structured as follows. Section 2 contains a description of the data 
used and methodology for the analyses. Section 3 contains results of the evaluation of the 
important factors in daily temperature extremes in Alaska during JJA. Section 4 contains 
a discussion of why some synoptic pattern categories can lead to both warm and cold 
extremes and a comparison of the pertinent factors leading to warm and cold extremes 
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during summer versus winter. Finally section 5 summarizes the work in this paper and 
how these results compare with other studies of summer temperature extremes. 
2. Data and methods
a. Data description
The data used and how they were processed is identical to that from Cassano et al. 
(2016), aside from the season evaluated. A short description of the data, following from 
that manuscript, is included here. The source dataset is ERAI (ECMWF, 2009; Dee et al., 
2011). In an evaluation of the performance of seven atmospheric reanalysis products over 
the entire Arctic, Lindsay et al. (2014) found ERAI to be among the most consistent with 
observations. An evaluation of reanalysis datasets over Alaska in particular found ERAI 
to have small (±1°C) summer (JJA) 2m temperature biases over the study area with some 
larger biases over the high terrain in southern Alaska, largely in line with the other 
modern reanalysis products evaluated (Lader et al., 2016).  
Daily averages of the following fields are extracted for analysis of the 
atmospheric state: sea level pressure (SLP), 10m wind, 2m temperature (T2m), 
precipitation, downward longwave radiation (LWD), downward shortwave radiation 
(SWD), total column water vapor, and geopotential height, wind, and temperature at the 
850, 700, and 500 hPa levels. The daily means of the state variables were calculated from 
the 00, 06, 12, and 18 UTC ERAI analysis fields. The flux fields (i.e. precipitation and 
radiation fields) were calculated as the sum of 6-hourly accumulated fluxes at 06, 12, and 
18 UTC for the day of interest and 00 UTC for the following day from the ERAI forecast 
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files. Finally the data are interpolated to a 50km equal area grid for JJA during 1989-
2007. The time period was chosen to correspond with the companion paper that analyzes 
temperature extremes for the area of study but during winter (Cassano et al., 2016). 
b. Extreme events
The area of focus for this analysis is land grid points for Alaska south of the 
Brooks Range excluding the panhandle and Aleutian Island chain (indicated by the black 
box in Figure 1). The analysis area encompasses part or all of 8 of the 13 climate 
divisions defined by Bieniek et al. (2012). The study area contains high terrain in the 
southeastern portion of the domain, coastal areas along the south and western edges, and 
a largely continental climate in the central to northeastern portion of the domain. This 
analysis area and the method for defining extreme events is the same as used for Cassano 
et al. (2015, 2016), the description of which is included here. The daily mean T2m at 
each grid point was sorted from warmest to coldest. For each grid point, days exceeding 
the threshold of the coldest and warmest 1% of all days were identified. Since the criteria 
for warm/cold extremes were applied to each grid point separately, the number of days 
that have grid points meeting the extreme criteria exceeds 1% of all days analyzed. For 
any day, if at least 25 grid points in the analysis region exceeded the warm or cold 1% 
threshold, this was deemed to be a widespread extreme day. The decision to sort and 
evaluate the data at each grid point individually allowed an analysis of what causes the 
coldest/warmest conditions at a particular location rather than the coldest/warmest 
conditions in the entire region, which would be biased towards areas that are 
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climatologically colder or warmer (e.g. higher topography or northerly [cold]/southerly 
[warm] locations). Furthermore, the focus on widespread extremes was driven by the fact 
that a temperature extreme occurring at a single point is more likely to be controlled by 
small-scale, very localized features (e.g. cold air pooling in a small valley) rather than 
tied to the large-scale circulation, which is the focus of the analysis presented here.  
c. Self-organizing maps
The methodology of self-organizing maps (SOM; Kohonen, 2001; software 
available at www.cis.hut.fi/research/som_lvq_pak.shtml) is used to objectively classify 
the synoptic circulation for the region impacting the study area outlined in Figure 1. The 
classes identified by the SOM are then used to evaluate the atmospheric state for 
particular synoptic circulation types that are associated with widespread extreme events. 
The SOM algorithm applied to climate research is described in detail in Hewitson and 
Crane (2002) and its application to the current work in Cassano et al. (2015, 2016) but a 
short description is included here. 
The SOM algorithm employs a neural network method that uses unsupervised 
learning to determine generalized patterns in data. This technique reduces the dimension 
of large data sets by grouping similar data records together and organizing them into a 2-
dimensional array that becomes a mapping of the pattern space occupied by the input 
data. Used in this way the SOM algorithm may be considered a clustering technique, but, 
unlike other clustering techniques, the SOM method does not need a priori decisions on 
data distribution and provides for smooth transitions from one pattern to another. 
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Synoptic circulation patterns for the study region are classified using SLP daily 
spatial anomalies. As described in Cassano et al. (2015), these were calculated by 
subtracting the daily domain-averaged SLP for each day from each grid point. SLP 
anomalies, rather than absolute values of SLP, are used since the SLP gradients are 
responsible for determining the near-surface circulation. Grid points with elevations 
greater than 500m were not used in the creation of the SOM due to errors in reducing 
surface pressure to SLP for high elevation locations (Wallace and Hobbs, 1977; Mohr, 
2004). 
Once the SOM is trained, the final step in the process is comparing each input 
sample to each of the patterns (or nodes which will be the terminology used for the 
remainder of the paper) to find which node it most closely matches as measured by 
Euclidian distance. This results in a list of days for each SOM node and this list of days is 
used to determine with which node each extreme day is associated. This list can then be 
used to composite the atmospheric state for, as an example, extreme or non-extreme days 
for each node.  
3. Results
a. Overview of extreme events
90 warm and 63 cold days meet the extreme criteria (Table 1). Warm extremes 
are evenly spread throughout the summer months (last column of Table 1) while cold 
extremes occur primarily in June and August. Warm extreme days are more likely to 
occur within a multi-day event (78 (87%) of the warm days are part of multi-day events 
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while 48 (76%) of cold days are), though multi-day cold extreme events are more likely 
to be 4+ days. Over the time period of the study, cold extremes more frequently occurred 
before 2001 (Figure 2). Only 7 of the 63 cold extreme days occurred since 2000 with zero 
events from 2001-2005. Warm extremes were largely evenly distributed throughout the 
time period of study except that no events occurred during 2000 and 2001 and 29 events, 
by far the most extreme events in any one year, occurred in 2004. This year was 
discussed in the introduction as a particularly warm extreme summer for Alaska (Athar 
and Lupo, 2010).  
To evaluate differences and important characteristics of extreme events, an 
analysis was performed to determine where in the domain all warm and all cold extremes 
occur (i.e. how frequently does each grid point occur for extreme events; Figure 3). For 
this calculation, a value of 100% states that a particular grid point is extreme for all of the 
extremes evaluated (warm or cold). Warm (cold) extremes occur evenly distributed 
across the domain (right (left) panel in the top row of Figure 3. The remainder of the 
panels in this figure shows results from the cluster analysis introduced and discussed in 
section 3c.).  
In addition to these analyses, composites of the atmospheric state for all warm and 
cold extreme days were created to determine common characteristics of those particular 
extremes. These were created for 5 days before up to the day of the extreme event to 
evaluate the evolution of the synoptic and atmospheric state. A student’s t-test was used 
to evaluate differences in the composites comparing extreme to non-extreme days and 
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areas of statistical significance greater than 95% are highlighted. Discussion of these 
results follows. 
b. All extremes composites
i. Warm extremes
The circulation at both the surface and mid-levels (500 hPa) from 5 days before to 
the extreme day show a stagnant circulation with high pressure/heights over Alaska 
(leftmost column of Figure 4). At 500 hPa the main signature is an area of high heights 
that builds from a ridge at day -5 to a closed circulation centered over Alaska by the 
extreme day. This area of higher heights is significantly different than non-extreme days, 
which have a weaker ridge in the eastern portion of the domain, and the trough located 
further east than for extreme days (not shown). T2m from 5 days before to the day of the 
extreme largely show warming in place with light surface winds and not much evidence 
for surface warm air advection (WAA) (second column from the left of Figure 4). At 850 
hPa (second column from the right in Figure 4), the warmest temperatures occur in 
western Canada and largely warm in place leading up to the extreme day with some 
WAA towards Alaska. Without a quantitative assessment it is not possible to definitively 
state that the warming at this level is due to adiabatic warming, but given the weak WAA 
evident in Figure 4 and the warmest temperatures largely co-located with the high 
pressure center over Alaska, the warming at this level is likely associated with subsidence 
and warming from the surface within the boundary layer. Positive downward shortwave 
radiation (SWD) anomalies (rightmost column in Figure 4) become progressively 
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stronger and widespread in the days leading up to the extreme day indicating less cloud 
cover (associated within and downstream of the 500 hPa ridge) for extreme events (which 
is seen as an anomalously dry precipitation signature for the days leading up to and 
including the extreme event day, not shown). The LWD anomalies (not shown) become 
positive and statistically significant leading up to the extreme day driven by the higher 
temperatures and water vapor content (not shown). In general, the atmospheric state for 
the composites of all warm extremes is stagnant, blocking flow aloft coupled with strong 
SWD (low cloud cover/dry conditions) and light surface winds which allow surface 
temperatures to warm in place.  
ii. Cold extremes
Low pressure at the surface over Alaska remains through all days, while a high 
pressure circulation moves into the Beaufort Sea by the extreme day (leftmost column of 
Figure 5). Aloft, a trough evident at 500 hPa 5 days before the extreme day deepens and 
moves over the state, all of which is statistically significantly different from non-extreme 
days (leftmost column of Figure 5). At the surface winds are light and temperatures cool 
in place while cold air advection (CAA) occurs aloft (evident at 850, 700, and 500 hPa; 
middle 2 columns of Figure 5; 700 and 500 hPa temperatures and winds not shown). 
Anomalies of both radiation variables (SWD, rightmost column of Figure 5 and LWD, 
not shown) are negative in the days leading up to and including the extreme day. The 
negative SWD indicates anomalous cloud cover due to lifting from the upper level trough 
moving over Alaska and broad low pressure at the surface. In summary, cold extremes 
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are associated with a low pressure system moving over Alaska bringing cloudy skies, 
some precipitation, and CAA aloft.  
c. SOM analysis
Figure 6 shows the surface synoptic circulation patterns identified by the SOM 
analysis for the area surrounding Alaska during JJA. The domain over which the 
circulation was classified is larger than the region over which extremes are defined. This 
was done to fully include the synoptic patterns that influence the area such as temperature 
advection associated with a circulation center outside the area of study. 35 patterns were 
chosen for the classification and the rationale for this decision is outlined in Cassano et 
al. (2015). There are several Aleutian Low patterns along the right side of the SOM and 
Beaufort/Chukchi low pressure systems are represented in the lower left corner of the 
SOM. Synoptic patterns with low pressure to the west of Alaska and ridging in the Gulf 
of Alaska are in the upper left corner of the SOM. The center of the SOM has transitional 
patterns between these main types of synoptic circulation patterns. Figure 7a shows the 
number of days that occur on each node in the SOM. The patterns that occur most 
frequently are along the right side of the lowest row of the SOM which are moderate low 
pressure systems located over the Aleutian Islands east to the Gulf of Alaska with high 
pressure in the Beaufort Sea. Another frequent pattern is node 4,1 (middle of the top row 
of the SOM) which is a weak low pressure system over the Aleutian Islands, low pressure 
in the Arctic Ocean and a ridge in the eastern Gulf of Alaska. Patterns that occur less 
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frequently are those along the left side of the SOM, which are strong Beaufort/Chukchi 
low pressure systems with high pressure in the southern portion of the domain.  
A final step in the synoptic circulation typing analysis is a grouping of similar 
patterns into 5 main clusters as was done for winter extremes in Cassano et al. (2016) and 
in other SOM studies (e.g. Leloup et al., 2007, 2008, Finnis et al., 2009, Seefeldt and 
Cassano, 2012, Nigro and Cassano, 2014a, 2014b, Mills and Walsh, 2014, Shan et al., 
2014, DuVivier and Cassano, 2016). The clusters are indicated by the outlines and 
labeled on Figures 6 and 7. The decision to include a node in a particular cluster was 
determined by visual inspection according to the locations of the primary SLP features, 
the criteria of which are described in Table 2. 
Days on which extreme events occur are mapped to the SOM to determine which 
of the synoptic patterns are associated with extreme days (Figures 7b and 7c). Cold 
extremes fall mostly in the lower center and right portion of the SOM (eastward shifted 
and Gulf of Alaska low pressure with high pressure in the Beaufort Sea) while the warm 
extremes fall primarily in the upper portion of the SOM (patterns with low pressure to the 
west of Alaska) and along the right side of the SOM (Aleutian and Gulf of Alaska low 
pressure systems). There is some overlap along the bottom row which contains a 
relatively large number of both warm and cold extremes. While the synoptic patterns 
associated with extreme events were not used in the definition of the clusters, most of the 
warm and cold clusters fell into 3 clusters each (Table 3). The following sections describe 
This article is protected by copyright. All rights reserved.
results of compositing variables describing the atmospheric state of the extreme events 
that occur in each of the main clusters.  
i. Warm extremes
The average number of extreme grid points for events in the three clusters with 
the largest number of warm extreme events range from around 67 to 71. The cluster with 
the largest number of warm extremes is cluster 3 (42% of all warm extreme days). Most 
days in this cluster fell in June (17), followed by August (12), and then July (9). This 
cluster has the largest average number of extreme grid points at 71 and both the average 
and warmest temperature of the extreme grid points is the second warmest of the three 
clusters at 293K and 296K respectively.  The locations of the extreme grid points for this 
cluster are broadly distributed with slightly more occurrences in the interior portion of the 
domain which are largely in the Central, Northeast, and Southeast Interior climate 
divisions (third row, right column of Figure 3; Bieniek et al., 2012). In general, the 
synoptic circulation for this cluster is a Bering Sea low pressure coupled with high 
pressure in the Beaufort Sea (Table 2; Figure 6). A composite of SLP for extreme days 
shows that low pressure along the western edge of the domain remains in place through 
all days with a low pressure center moving towards the edge of the Aleutian Islands by 
the extreme days (leftmost column of Figure 8). However the main circulation features 
both at the surface and aloft move quite slowly. An evaluation of the location in SOM 
space of the previous days showed that most of the days leading up to the extreme event 
also mapped to cluster 3 (Table 4). At 500 hPa a high pressure circulation builds over 
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Alaska leading up to the extreme day (leftmost column of Figure 8). The warmest 
temperatures at the surface and 850 hPa are in the interior of the state co-located with the 
highest heights aloft and positive anomalies in SWD (the three rightmost columns of 
Figure 8). The strongest positive SWD anomalies are located along the southern coast of 
Alaska downstream of the ridge at 500 hPa. Temperatures aloft largely warm in place 
with some evidence of WAA as was the case for the all warm extremes composite. To 
summarize, the synoptic situation/atmospheric state is quite similar to that of the all warm 
extremes composite though the signal is stronger for the extremes that fall just in this 
cluster (i.e. the flow more stagnant aloft and temperatures are warmer). 
The second largest number of warm extremes occurs in cluster 2 (23%). Extremes 
in this cluster occurred more in the later 2 months of summer (10 and 8 for July and 
August respectively) than during June (3). The average number of grid points that are 
extreme in this cluster is around 70. The average and warmest temperatures of the 
extreme events for this cluster is the lowest of the three clusters discussed in this section 
at 292.3K and 295.3K respectively. The synoptic patterns in this cluster do not have any 
pronounced circulation centers like those of other clusters and are therefore characterized 
by a generally weak pressure gradient force (PGF) (Table 2, Figure 6). The most frequent 
extreme grid points for this cluster occur in the eastern portion of the domain extending 
across the southern coast of Alaska, which overlap with the Bristol Bay, Cook Inlet, and 
Northeast Gulf climate divisions (row 2, second column of Figure 3). The most 
noteworthy aspect of the synoptic situation for this cluster is a classic ‘omega’ block 
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evident at 500 hPa. Except for the warmest temperature at the surface located further 
west and south of cluster 3, the synoptic situation is broadly similar to the all extremes 
and cluster 3 (Figure 9). The evolution through SOM space of days leading up to the 
extreme event indicate that the day before the event falls mostly in cluster 2. 3 days 
before the event the synoptic pattern maps evenly between clusters 2 and 3 with smaller 
numbers in the other clusters, while 5 days prior the patterns map about evenly over the 
other clusters with the exception of cluster 1 (Table 4). 
Finally cluster 5 has a sizable number of warm extremes (19%). Extremes in this 
cluster occurred mostly in the first two months of summer (7 and 8 for June and July 
respectively), with only 2 events occurring in August. The average number of grid points 
that are extreme in this cluster is around 67 which is the smallest of the three clusters. 
The average and warmest temperatures of the extreme events for this cluster is the 
warmest of the three clusters discussed in this section at 294K and 296.6K respectively. 
The grid points that are extreme for this cluster occur most often in the northwestern 
portion of the domain which is largely in the West Coast climate division and none at all 
in the extreme southeastern portion of the domain (bottom row, second column of Figure 
3). The evolution through SOM space shows the days closer to the event map to cluster 5, 
while for 5 days prior most of those days map to cluster 3 (Table 4). The synoptic 
situation for this cluster is a bit different than for the others. By the extreme day at both 
the surface and aloft there is a dipole blocking synoptic circulation (Rex, 1950, Barry and 
Carleton, 2001) with low pressure/heights in the Gulf of Alaska and high pressure/heights 
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over Alaska (leftmost column of Figure 10). This is likely why there are no extreme grid 
points in the southeast portion of the domain as the flow is onshore advecting cool 
maritime air. But the warm extremes for this cluster, as for the other clusters and the all 
warm extremes composite, are associated with positive SWD, light surface winds, and a 
blocking type of flow aloft, though the character of the block is different for this cluster 
than for all of the others analyzed (three rightmost columns of Figure 10).  
In summary for warm extremes, stagnant flow with high pressure at the surface 
and aloft is important with light winds at the surface. This type of circulation is 
associated with minimal cloud cover (evident by the positive SWD anomalies) and 
additional warming due to subsidence. Some weak WAA occurs aloft. These features 
were broadly observed comparing the different clusters and the all warm extremes 
composites. The character of the flow, particularly aloft at 500 hPa, showed some 
differences, particularly the character of the blocking type flow. One of the clusters 
(cluster 2) had a classic ‘omega’ type block which was washed out in the all extremes 
composite, as was a dipole block shown in cluster 5. 
ii. Cold extremes
For the cold extremes, the most extreme days occur in cluster 5 (54%). For the 3 
clusters evaluated in this section, extreme days occurred pretty evenly between June and 
August, with only 1 cold extreme occurring during July. The average number of grid 
points that are extreme in this cluster is around 112 which is the second highest average 
number of extreme grid points for the three clusters evaluated in this section. The average 
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temperature of the extreme grid points 276.9K, the second coldest, but the minimum 
coldest temperature occurs with this cluster at 272.7K. In this cluster the extreme grid 
points are broadly distributed across the domain with two areas of increased frequency 
along the eastern edge (overlapping the Central Interior and West Coast climate 
divisions) and western central portions (overlapping the Northeast and Southeast Interior 
climate divisions) of the domain (bottom row, left column of Figure 3). The evolution 
through SOM space is such that for the days closest to the event the days largely stay on 
cluster 5, but for days further back more days map to cluster 3 and particularly cluster 4 
(Table 4). The large-scale atmospheric features seen in this cluster are broadly the same 
as the all extremes composite: An upper level trough moves over the state and CAA 
occurs aloft (Figure 11). At the surface, winds are light and the temperatures cool in 
place. SWD anomalies over southern Alaska are weakly negative with small areas of 
statistically significant differences. The negative SWD anomalies are a bit more strongly 
negative in the days leading up to the extreme day for this cluster versus the all extremes 
composite.  
The next largest number of cold extremes (17%) occurs in cluster 3. The average 
number of extreme grid points for this cluster is around 77 which is the least number of 
extreme grid points of the three clusters evaluated in this section. This cluster also has the 
least extreme cold temperatures with the average and minimum temperature at 277.7K 
and 274.1K respectively. The grid points that are extreme for this cluster occur in the 
central portion of the domain from the northern to southern border with a bull’s eye of 
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frequencies in the northeastern portion of the domain (largely in the northwestern corner 
of the Northeast Interior climate division) (second row, left column of Figure 3). The 
evolution through SOM space is largely from clusters 3 and 5, with cluster 5 becoming 
more prevalent further back before the event (up to 5 days prior; Table 4). The circulation 
aloft is a bit different than cluster 3 and the all extremes composite in that the trough 
intensifies early in the time period (from day-5 to day-3) but at day-1 the flow stagnates a 
bit, a closed low forms in the Bering Sea and the flow becomes a bit zonal over Alaska 
by the extreme day. A weak trough is still evident over eastern / northeastern Alaska on 
the extreme day co-located with the bull’s eye of extreme grid points in the northeastern 
corner of the domain (leftmost column of Figure 12). At day – 3 the strongest, most 
widespread negative SWD differences occur over the domain downstream of the 500 hPa 
trough. This corresponds to an area of lifting and cloud cover that would likely occur at 
this location. In general SWD differences are largely negative but become weaker by the 
day before and the extreme day (rightmost column of Figure 12). At 850 hPa there is 
even some warming in the southern portion of the domain from the day before the 
extreme event (third column of Figure 12). 
Finally, 14% of the cold extreme events occur in cluster 4. The average number of 
grid points that are extreme in this cluster is around 125 which is the largest number of 
extreme grid points for the clusters evaluated in this section. Cluster 4 has the coldest 
average temperature of all of the extreme grid points for each event at 276.8K and the 
second coldest minimum temperature at 273.6K. The most frequent extreme grid points 
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for this cluster occur in the western 2/3 of the domain largely in the West Coast and 
Central Interior climate divisions (third row, left column of Figure 3). The evolution 
through SOM space shows that most of the days prior to the event fall in clusters 4 and 5 
(Table 4). One of the most striking differences for this cluster compared with the others 
and the all cold extremes composite is the strong center of low 500 hPa heights over the 
Chukchi Sea and the strongest trough over Alaska compared with the all cold extremes 
and the other cluster composites (leftmost column of Figure 13). This intense flow aloft 
leads to strong CAA at upper levels (third column of Figure 13). There are no significant 
SWD anomalies for this cluster (rightmost column of Figure 13). The spatial pattern of 
the SWD anomalies is in fact quite noisy, suggesting no coherent cloud / radiation signal 
for this cluster.  
In summary for the cold extremes, a dynamic flow with low pressure at the 
surface, a broad trough aloft moving over the area, and CAA, particularly aloft, were 
important features. Negative SWD anomalies were generally not significant except for 
cluster 3. These attributes are all broadly represented in each of the composites described 
above, with the strength of the features differing somewhat for each of the clusters (e.g. 
the strongest troughing observed was for cluster 4). 
4. Discussion
a. Overlapping warm and cold extremes in a single cluster
There are two clusters that have a sizable overlap of warm and cold extremes: 
clusters 3 and 5. An analysis of the differences of the variables evaluated in the previous 
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section for the warm and cold extremes in each of the clusters was undertaken to 
understand, for a particular circulation type, what will lead to a warm versus cold 
extreme. 
Cluster 3 has the most warm extremes and the second most number of cold 
extremes. The extreme grid points for warm and cold extremes (Figure 3) show that 
warm extremes tend to be more frequent in the eastern portion of the domain while cold 
in the central portion with a bull’s eye in the northeastern portion of the domain. The 
general synoptic circulation for this cluster is low pressure in the Bering Sea and a 
Beaufort High. Composites of SLP for both warm and cold extreme days in this cluster 
show a general low pressure in the Bering Sea with high pressure in the Beaufort Sea. 
However the evolution of SLP to the day of the event is quite different. For warm 
extremes, the SLP signature shows low pressure along the western portion of the domain 
that remains stagnant up to the day of the event with a closed high pressure circulation 
forming in the Beaufort Sea and a closed low circulation moving over the Bering Sea by 
the day of the extreme (leftmost column of Figure 8). For the cold extremes, at day –5 
low pressure is present over Alaska with high pressure along the western portion of the 
domain. This remains until closer to the day of the extreme where the low pressure moves 
into the Bering Sea with high pressure moving across the Chukchi to the Beaufort Sea by 
the extreme day (leftmost column of Figure 12). Differences in the atmospheric state 
(days of warm extremes minus days of cold extremes, not shown) show that 5 days 
before the extreme event, significantly higher pressure covers Alaska and the Beaufort 
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Sea for warm extremes than for cold. As the days progress, this high pressure largely 
moves to the east with some higher pressure remaining in the Bering Sea and Gulf of 
Alaska and lower pressure in the Chukchi Sea. At mid-levels, significantly higher heights 
move over central Alaska from northern Alaska for warm extremes versus cold. 
Temperatures aloft, not surprisingly, are significantly warmer for the warm extremes and 
the biggest differences move from the Chukchi Sea area to central Alaska. Both SWD 
and LWD show strong, significant positive differences for all days leading up to the 
extreme while the precipitation signature shows drier conditions over southern Alaska for 
all days leading up to and including warm extreme events versus cold.  
Cluster 5 has by far the most cold extremes, and the third most warm extremes. 
Cold extremes are much more likely than warm extremes to occur in the eastern portion 
of the domain (Figure 3). The synoptic patterns in cluster 5 are similar to cluster 3 though 
the low pressure is located further east in the Gulf of Alaska. For the surface circulation, 
pressure in the Gulf of Alaska is significantly higher for all days leading up to and 
including the day of the extreme and in general higher pressure is located all across 
Alaska for all of the days for the warm versus cold extremes (Figures 10 and 11). Heights 
at 500 hPa are much higher for warm extremes than cold. Temperatures aloft show 2 
areas of warmer temperatures (north and southeast of Alaska) which merge as the days 
progress to be significantly warmer over all of Alaska. As with cluster 3, SWD and LWD 
differences were both significantly positive and in general precipitation differences 
showed drier conditions for warm extremes (not shown).  
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To summarize, for the days of the extreme, the SLP pattern is broadly similar for 
warm versus cold extremes for each of the clusters studied (e.g. for cluster 3, the 
composite of warm and cold extreme days both contained a low pressure center in the 
Gulf of Alaska). But important differences in the atmospheric state allowed either a warm 
or cold extreme to occur on these days. The upper level flow is substantially different 
(e.g. for cluster 3, the 500 hPa height field has a dipole blocking type pattern for warm 
extremes while a trough is present for the cold extremes). Although the SLP patterns for 
the day of the extremes are similar for the warm and cold extremes for these clusters, 
differences in the rest of the atmospheric state and the evolution of circulation can lead to 
either a warm or cold extreme. Higher upper level heights, strong heating from minimal 
cloud cover (as shown in the SWD differences) and subsidence are important differences 
for a warm versus a cold extreme in the clusters with a substantial overlap of the two.  
b. Comparison of summer and winter extremes
The same analysis as was performed in this manuscript was done for extremes in 
the same region for winter (December, January, and February; DJF) in Cassano et al. 
(2016), and the following is a comparison of the differences and similarities between the 
two seasons. One of the important similarities between JJA and DJF extremes is that for 
those extremes that are ‘in season’ (i.e. warm extremes during JJA and cold extremes 
during DJF) the flow was more stagnant allowing the air masses to modify and become 
warmer or colder. SWD (LWD) radiation anomalies during JJA (DJF) were also 
important for air mass modification. By contrast for cold (warm) extremes during JJA 
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(DJF), a more dynamic flow was required to advect the anomalous air masses into 
southern Alaska. Anomalously clear skies were associated with cold (warm) extremes 
during DJF (JJA). The opposite was also true (i.e. increased cloudiness was associated 
with warm (cold) extremes during DJF (JJA)). Another important difference between 
DJF and JJA is the different surface conditions in each season. During DJF, strong low 
pressure advecting warm air from the south from over the relatively warm ocean is 
important while this same flow in the summer advects cool moist air over Alaska. The 
warmest conditions during JJA (DJF) originate over land (open ocean). This further ties 
in to the fact that warm summer and cold winter extremes tend to be more likely to form 
in place while for the ‘out of season’ extremes, the colder or warmer temperatures need to 
be advected into the region. 
5. Conclusions
This paper used a SOM framework to evaluate the synoptic situation and
atmospheric conditions important for widespread temperature extremes in southern 
Alaska during JJA. This framework was used to evaluate extremes in the context of the 
large-scale circulation. The main conclusions are as follows: 
i. For warm extremes, stagnant flow due to blocking at upper levels
combined with anomalously large SWD allowed surface temperatures
to become extreme.
ii. The cluster analysis showed the broad situation to be the same (i.e. the
same synoptic situation/atmospheric conditions necessary for warm
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extremes) though with different details between them, particularly the 
types of blocks observed at mid-levels.  
iii. For cold extremes, a dynamic flow as seen as an upper level trough
and CAA aloft were necessary conditions with clouds / radiation
anomalies playing a minor role.
iv. In general during JJA, warm extremes followed from stagnant
conditions allowing the air mass to warm in place while a more
dynamic flow led to a cold extreme.
v. Comparison between JJA and DJF temperature extremes showed that
‘in season’ extremes (i.e. cold winter and warm summer extremes)
were more likely to form by modification of stagnant air masses. Out
of season extremes (i.e. warm winter and cold summer) were more
likely due to advection of air masses into the region.
Previous work has shown blocking circulation to be important for warm 
temperature extremes during the summer season. For example, the synoptic circulation 
during the Chicago heat wave of 1995 showed a large ridge with a closed circulation over 
the midwestern United States (Kunkel et al., 1996). As stated in the introduction, an 
anomalously warm summer in Alaska was due in large part to a persistent blocking 
pattern (Athar and Lupo, 2010) and Pfahl and Wernli (2012) found blocking co-located 
with warm temperature extremes in Alaska. The results from this paper adds to this body 
of work in that several types of blocking circulation patterns were shown to be important 
This article is protected by copyright. All rights reserved.
for warm temperature extremes in Alaska during the summer. SLP was used to 
characterize circulation in the current manuscript, but future work could use 500 hPa to 
characterize circulation given the importance of blocking at this level to JJA warm 
extremes and may draw out even more distinctive types of blocking events.  
While a large number of variables were evaluated to describe extremes, other 
variables not evaluated here such as soil moisture have also been shown to be important 
for warm extremes (Seneviratne et al., 2010). But by evaluating the extremes in a 
framework using variables well simulated by regional and global climate models (such as 
synoptic scale circulation), these findings can be applied to future climate scenarios to 
determine if the broad synoptic situation for either warm or cold extremes may change. 
Other future work includes extending the analysis further back in time and up to the 
current year as well as further evaluating the clusters in the context of NOAA’s climate 
divisions for Alaska. 
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Figures 
1) Study area. The black box indicates the area over which extremes were defined
(modified from Cassano et al., 2015, 2016).
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2) Number of warm (red) and cold (blue) extreme events that occur in each year of
the study period.
3) Percentage of grid points that are extreme for cold (left column) and warm (right
column) extremes. All warm and cold extremes are in the top row, and the
clusters evaluated as described in Section 3c are in the bottom 3 rows and labeled
in the title of each panel.
4) Composite of atmospheric variables for all warm extremes. The top row is 5 days,
second row is 3 days, and the third row is the day before the extreme event. The
bottom row is the extreme event day. The first column contains 500 hPa heights
(thick black contours) and SLP (color fill) with areas where the 500 hPa heights
are statistically significant than non-extreme days as described in the text stippled.
The second column is 2m temperature and 10m wind vectors. The third column is
850 hPa temperature and wind vectors. The last column is the difference in
surface downward shortwave radiation for extreme minus non-extreme days with
stippling indicating statistical significance as described in the text. Note that the
length of the wind vectors represent twice the speed at 850 hPa than at 10m.
5) As Figure 4 but for all cold extremes.
6) SOM representation of SLP spatial anomalies of daily means from the ERA-
Interim reanalysis spanning the years 1989-2007. The outlines show the SOM
clusters as defined in Section 3c and Table 2.
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7) Number of days that map to the SOM for (a) all JJA days, (b) warm extremes, and
(c) cold extremes. The outlines show the SOM clusters as defined in Section 3c
and Table 2. Shading in the figure is for ease of visualization.
8) As Figure 4 but for warm extremes in cluster 3.
9) As Figure 4 but for warm extremes in cluster 2.
10) As Figure 4 but for warm extremes in cluster 5.
11) As Figure 4 but for cold extremes in cluster 5.
12) As Figure 4 but for cold extremes in cluster 3.
13) As Figure 4 but for cold extremes in cluster 4.
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Tables 
Table 1: Summary of extreme events 
Total Number of 
single day 
events 
Number of days 
as part of multi-
day events 
Number of 
4+day multi-
day events 
Number of events 
in each month 
(June/July/August) 
Warm 90 12 (13%) 78 (87%) 7 (33% of all 
multi-day 
events) 
29/36/25 
Cold 63 15 (24%) 48 (76%) 7 (50% of all 
multi-day 
events) 
35/1/27 
Table 2: Cluster criteria  
Cluster Description Attributes 
1 Low center over eastern 
Russia/Bering Sea, high in 
Low center over the Bering Sea or Russia 
north and west of Aleutian Island chain, no 
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Gulf of Alaska Beaufort high 
2 Transitional patterns Weak pressure gradient over Alaska 
3 Bering Sea low, Beaufort 
high 
Low pressure centered over Bering Sea 
coupled with a Beaufort high 
4 Beaufort Sea low, high over 
North Pacific, strong 
pressure gradient over 
Bering Sea 
Low pressure in the Beaufort Sea coupled 
with strong pressure gradient over the Bering 
Sea.  
5 Gulf of Alaska low, 
Beaufort high 
Gulf of Alaska centered low pressure south 
and east of the Aleutian Island chain coupled 
with a Beaufort high. 
Table 3: Number of extreme events for each cluster 
Cluster Warm Cold 
1 9 (10%) 5 (8%) 
2 21 (23%) 4 (6%) 
3 38 (42%) 11 (17%) 
4 5 (5%) 9 (14%) 
5 17 (19%) 34 (54%) 
Table 4: Evaluation of movement through SOM space for each of the clusters evaluated 
in Section 3. Each column has the number of days before the extreme event that map to 
each of the clusters. 
Cluster 1 Cluster 2 
Cluster 3 Cluster 4 Cluster 5 
Cluster 3, warm 
Day minus 5 
7 (18%) 9 (24%) 13 (34%) 0 9 (24%) 
Day minus 3 
5 (13%) 8 (21%) 16 (42%) 1 (3%) 8 (21%) 
Day minus 1 
2 (5%) 7 (18%) 27 (71%) 0 2 (5%) 
Cluster 2, warm 
Day minus 5 1 (5%) 5 (24%) 7 (29%) 4 (19%) 5 (24%) 
Day minus 3 2 (10%) 7 (33%) 6 (29%) 4 (19%) 2 (10%) 
Day minus 1 2 (10%) 13 (62%) 2 (10%) 1 (5%) 3 (14%) 
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Cluster 5, warm 
Day minus 5 2 (12%) 2 (12%) 10 (59%) 1 (6%) 2 (12%) 
Day minus 3 1 (6%) 1 (6%) 9 (53%) 1 (6%) 5 (29%) 
Day minus 1 0 2 (12%) 4 (24%) 1 (6%) 10 (59%) 
Cluster 5, cold 
Day minus 5 2 (6%) 1 (3%) 7 (21%) 16 (47%) 8 (24%) 
Day minus 3 2 (6%) 1 (3%) 12 (35%) 11 (32%) 8 (24%) 
Day minus 1 2 (6%) 0 2 (6%) 5 (15%) 25 (75%) 
Cluster 3, cold 
Day minus 5 2 (18%) 1 (9%) 2 (18%) 2 (18%) 4 (36%) 
Day minus 3 1 (9%) 1 (9%) 2 (18%) 2 (18%) 5 (45%) 
Day minus 1 2 (18%) 0 5 (45%) 1 (9%) 3 (27%) 
Cluster 4, cold 
Day minus 5 1 (11%) 0 0 4 (45%) 4 (45%) 
Day minus 3 2 (22%) 1 (11%) 0 2 (22%) 4 (45%) 
Day minus 1 1 (11%) 0 0 6 (67%) 2 (22%) 
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Beaufort Sea
Bering Sea
Chukchi Sea
Arctic Ocean
Gulf of Alaska
Aleutian Islands
Brooks Range
Figure 1: Study area. The black box indicates the area over which extremes were defined (modified from Cassano et al., 2015, 2016). 
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Figure 2: Number of warm (red) and cold (blue) extreme events that occur in each year of the study period.
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Figure 3: Percentage of grid points that are extreme for cold (left column) and warm (right column) extremes. 
All warm and cold extremes are in the top row, and the clusters evaluated are in the bottom 3 rows and labeled in 
the title of each panel.
This article is protected by copyright. All rights reserved.
Figure 4: Composite of atmospheric variables for all warm extremes. The top row is 5 days, second row is 3 days, 
and third row is the day before the extreme event. The bottom row is the extreme event day. The first column contains 
500 hPa heights (thick black contours) and SLP (color fill) with areas where the 500 hPa heights are statistically 
significant than non-extreme days as described in the text stippled. The second column is 2m temperature and 10m 
wind vectors. The third column is 850 hPa temperature and wind vectors. The last column is the difference in surface 
downward shortwave for extreme minus non-extreme days with stippling indicating statistical significance as described 
in the text. Note that the length of the wind vectors represent twice the speed at 850 hPa than at 10m.This article is protected by copyright. All rights reserved.
Figure 5: As Figure 4 but for all cold extremes.This article is protected by copyright. All rights reserved.
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Figure 6: SOM representation of SLP spatial anomalies of daily means from the ERA-Interim reanalysis spanning the years 1989-2007. 
The outlines show the SOM clusters as defined in Section 3c and Table 2.This article is protected by copyright. All rights reserved.
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Figure 7: Number of days that map to the SOM for (a) all JJA days, (b) warm extremes, and (c) cold extremes. 
The outlines show the SOM clusters as defined in Section 3c and Table 2. Shading in the figure is for ease of 
visualization.
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Figure 8: As Figure 4 but for warm extremes in cluster 3.
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Figure 9: As Figure 4 but for warm extremes in cluster 2.
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Figure 10: As Figure 4 but for warm extremes in cluster 5.This article is protected by copyright. All rights reserved.
Figure 11: As Figure 4 but for cold extremes in cluster 5.
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Figure 12: As Figure 4 but for cold extremes in cluster 3.
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Figure 13:  As Figure 4 but for cold extremes in cluster 4.This article is protected by copyright. All rights reserved.
